We have determined the crystal structure of a 154-residue intein derived from the dnaB gene of Synechocystis sp. strain PCC6803 and refined it to 2.0 Å resolution. The X-ray structure suggests that this intein possesses two catalytic sites that appear to be separately responsible for splicing and cleavage of the N-and C-terminal scissile bonds. 
Introduction
Protein splicing is a posttranslational processing event that involves the precise removal of an intervening sequence, an intein, from a protein precursor with concomitant ligation of the flanking protein sequences (N-and C-exteins) via a native peptide bond (1) (2) (3) . In vitro splicing of inteins in heterologous proteins suggests that inteins with the first C-extein residue contain sufficient information needed for the autocatalytic splicing process, without the requirement of exogenous energy or protein co-factor (4, 5) .
Among the over 130 inteins identified so far, the majority contain two discrete functional domains: the homing endonuclease domain and the splicing domain ( Figure 1A ) (InBase: the New England Biolabs Intein Data Base (6) ). The protein splicing function of the intein does not depend on their homing endonuclease activity since splicing proficient minimal inteins (mini-inteins) occur naturally (7) (8) (9) and have been generated by deleting the centrally located endonuclease domain. The splicing domain of a dual function intein appears to be split by the endonuclease domain into two segments: the N-and C-terminal subdomains. The N-terminal subdomain (in the range of 100 -150 residues) contains the conserved intein blocks A, B, N2 and N4 whereas the C-terminal subdomain of approximately 35 -50 residues contains blocks F and G (6, 10) . The N-terminal subdomain of inteins not only exhibits sequence homology with the hedgehog proteins of eucaryotes but also shares an acyl rearrangement mechanism of breaking the peptide bond preceding a nucleophile-containing residue (11) . This raises the question of whether inteins share a common ancestor with other autoprocessing proteins and have evolved by acquiring a new catalytic capacity imbedded in their C-terminal subdomain.
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Biochemical and mutational studies have revealed that protein self-splicing consists of a series of concerted nucleophilic replacements (4, 12, 13) (Figure 1B ). The splicing reaction is dependent on a set of highly conserved residues at both splice junctions (12, (14) (15) (16) . The vast majority of inteins possess an asparagine residue at their C-termini and a hydroxyl or thiol-containing residue following each splice junction. Splicing in these inteins is initiated by an acyl rearrangement involving the side chain of serine or cysteine at the N-terminal splice junction resulting in a (thio)ester bond (12, 17) . Next, a branched intermediate is formed as a result of transesterification by the sulfhydryl or hydroxyl containing side chain of cysteine, serine or threonine at the C-terminal splice junction (5, 13) . The last catalytic step involves the excision of the intein by side chain cyclization of the C-terminal asparagines (13, 18) . This yields a transient (thio)ester intermediate which can undergo a spontaneous acyl rearrangement to form a native amide bond between the two exteins. It has been observed that splicing reaction could be suppressed by mutations, often leading to cleavage at N-terminal and/or C-terminal splice junctions (12, 15, 19, 20) . Therefore, it is of interest to understand how the spatial arrangement of an intein active site could account for independent scission of the peptide bonds flanking an intein.
The X-ray structures of the intein of the vacuolar ATPase subunit from Saccharomyces cerevisiae (Sce VMA intein) (21) (22) (23) (24) , the archaeal PI-PfuI intein from Pyroccocus furiosis (PI-PfuI intein) (25) and the mini-intein of the GyrA protein from Mycobacterium xenopi (Mxe GyrA intein) (26) have revealed that inteins contain a horseshoe-like β-strand scaffold termed the Hint (Hedgehog, intein) module (11) . Mutation of catalytic residues at the N-and C-terminal splice junctions of the Sce VMA inteins resulted in the trapping of the inactive by on February 5, 2008 www.jbc.org Downloaded from precursor proteins for crystallization studies (22, 23) . These investigations indicated that the conserved block B residues and the residues at the N-terminal splice site form an active center that facilitates cleavage of the N-terminal scissile peptide bond. In addition, it has been suggested that the penultimate histidine residue plays a key role in succinimide formation due to its proximity to the side chain of the C-terminal Asn (26) . Other interactions may exist to assist the cyclization of Asn in the more than 20 inteins known to lack the penultimate histidine (27) (28) (29) (30) . Mutation of the highly conserved block F residues impaired splicing (31); however, the structural and catalytic roles of these residues have not been elucidated. Furthermore, the mechanisms for generating a nucleophilic potential at the intein N-terminus and at the first C-extein position have yet to be determined. A complete examination of a pre-splicing structure would lead to further understanding of the chemical mechanism of protein splicing and the evolution pathway of autocatalytic inteins.
To explore the outstanding questions concerning the structure and evolution of inteins, we conducted a crystal structure study and mutational analysis of a mini-intein precursor. This mini-intein was derived from a 429 amino acid intein encoded in the DNA helicase gene of the cyanobacterium Synechocystis sp. strain PCC6803 (Ssp DnaB intein) (27, 32) . Deletion of a centrally located 275 amino acid sequence encoding an endonuclease domain resulted in a splicing-proficient minimal intein (Ssp DnaB mini-intein) (27) . Our investigation determined that two catalytic sites within the structure independently catalyze cleavage of the peptide bonds flanking the intein. The C-terminal catalytic site, formed by the conserved residues of blocks F and G, constitutes a charge relay system and an oxyanion binding site, which may play vital roles in catalyzing the cyclization of Asn154. This intein structure also reveals that 
Experimental Procedures

Protein expression and purification
The pTWIN vector (33) was used for expression and purification of the Ssp DnaB mini-intein in E. coli. Purification of the Ssp DnaB intein was conducted by an intein-mediated cleavage method, as described previously (34). The protein sample was then applied to a Resource Q column (Amersham Pharmacia Biotech) and eluted with a linear gradient of NaCl. The peak containing the Ssp DnaB mini-intein was loaded onto a Superdex 75 column (Amersham Pharmacia Biotech) pre-equilibrated with 10 mM Tris-HCl, 25 mM NaCl, pH 7.5, 10 mM β-mercaptoethanol and eluted with the same buffer. The final protein concentration was 24 mg/ml prior to crystallization. DTT was added to the protein to a final concentration of 5 mM (35) .
Mutagenesis and C-terminal cleavage activity assay
The gene encoding the Ssp DnaB intein with the Cys1Ala mutation was cloned into the Xho I and Age I sites of the LITMUS 28 vector (New England. Biolabs, Inc.). Kunkel mutagenesis was used to generate the point mutations in the intein using the following sense strand primers (36, 37) . V134A, 5'-ACTGGAGTCGAAGAGGCTTTTGATTTG ACTGTGC-3'; F135A, 
Crystallization and data collection
Crystals were grown in hanging-drops equilibrated by vapor diffusion against reservoir solutions of 100 mM Tris buffer at pH 7.5-8.0, 16-20% PEG 4K, and 4% (v/v) ethyl glycerol (35) . The crystals were mounted on a nylon-fiber loop and flash-frozen in a nitrogen-gas stream at 100 K prior to the X-ray data analysis. Diffraction data were collected using a Mar345 Image Plate with a Rigaku rotating Cu anode X-ray generator at 48 kV and 98 mA (λ=1.5418 Å). All intensity data were processed and scaled using the programs DENZO and SCALEPACK (38).
Structure determination and refinement
The structure was determined by molecular replacement using AMORE from the CCP4 software package. The crystal structure of the GyrA intein from Mycobacterium xenopi (PDB entry 1AM2) was used as the search model. The amino acid sequence similarity between the Mxe GyrA intein and the Ssp DnaB mini-intein is 41%. The two α-helices were omitted from the model and the nonhomologous residues in the model were substituted with alanine. The rotation solution was obtained using 8.0-4.0 Å data and the highest peak appeared with α=2.32º, β=105.75º, γ=141.58º. Translation searches were carried out in the two possible space groups P3 1 21 and P3 2 21, the latter giving a better solution (x=0.3328, y=0.3246, z=0.2620) which was significantly above the noise level. The correlation coefficient and R-value were 0.186 and 0.519, respectively. After rigid body refinement, the R-factor was reduced to 0.496.
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The model was rebuilt with O (39) and refined with CNS (40) . No data truncation was applied in the refinement. 10% of the data was set aside in order to calculate the free R factor.
Due to the low sequence similarity between the GyrA intein and Ssp DnaB intein, significant model building work was done manually using O, involving mutations, deletions and insertions. Using the data of 40-2.0 Å, 2|Fo|-|Fc| and |Fo|-|Fc| electron density maps were calculated and examined with O. The refinement was completed by alternating between manual building and minimization using data in the resolution range 40-2.0 Å. Group B-factor refinement was then used to refine the temperature factors in the model. In each refinement step, initial anisotropic overall B-factor correction with a lower resolution limit of 6 Å and a bulk-solvent correction were applied to the data. The 52 water molecules were located in different electron density peaks, only if the peaks were above 3.0σ, and if acceptable hydrogen 
Results and Discussion
Identification of two catalytic sites
The Ssp DnaB mini-intein is comprised of an N-terminal segment of 106 residues and a C-terminal segment of 48 residues (27) . The precursor protein used in this study possesses five native N-and C-extein residues flanking the 154-residue mini-intein. The first and last intein residues (Cys1 and Asn154) were substituted with alanine in order to capture the precursor in a pre-splicing state. The crystal structure of this intein precursor was determined by the molecular replacement method, and refined to 2.0 Å resolution. The statistics of diffraction data collection and structure refinement are given in Table 1 . The structure exhibits a typical horseshoe-like 12 β-strand Hint domain ( Figure 2A ). The N-terminal extein residues Ser-2,
Gly-1 and C-terminal extein residues Ser155, Ile156 have well defined electron density maps A model of the wild type DnaB mini-intein precursor was generated by replacing Ala1 and Ala154 in the determined intein structure with Cys and Asn, respectively. The two splice junctions are located at the center of the horseshoe structure at the ends of two, adjacent antiparallel β-strands. Intriguingly, the modeled structure precursor reveals the presence of two catalytic sites that are in close proximity to each other but which do not share catalytic components (Figures 2 and 3 ). Several residues in the Ssp DnaB intein N-terminal region appear to play major roles in aligning and activating the reactive groups at the N-terminal 
Structure and function of the C-terminal catalytic site
This study provides the first structural evidence that several highly conserved block F and G residues, located in neighboring antiparallel β strands (β10, β11 and β12), play important roles Interestingly, the distance between the Sγ atom of the modeled side chain of Cys1 and the hydroxyl group of Ser155 in the DnaB intein precursor is ~8.5 Å ( Figure 4A ). This observation is similar to the finding in the Sce VMA intein precursor (containing the Cys1Ala and Asn454Ala mutations) which shows a ~9 Å distance between the N-and C-terminal reacting groups (22) . These distances are longer than the 3.6 Å between the N-and C-termini of the Sce VMA intein precursor which was trapped by a different set of amino acid substitutions (Cys1, Asn454 and Cys455 were all substituted with serine) (23) . A conformational change may have to occur to traverse this relatively large gap following the initial acyl shift step.
Mutagenesis study of Block F residues
Site-directed mutagenesis was performed to determine the role of highly conserved residues in intein block F on C-terminal cleavage activity. Single amino acid substitutions were introduced in a Ssp DnaB intein sequence carrying a Cys1Ala mutation, which blocks cleavage at the To investigate whether Thr138 plays a role in facilitating splicing, possibly by interacting with the side chain of Ser155, the effect of mutation of Thr138 on splicing was examined by using a construct (MIB) in which the DnaB intein carrying a T138A or T138S mutation was inserted between MBP and CBD. The T138A mutant exhibited significantly reduced splicing when the expression of the MIB fusion protein was induced at 37 °C, yielding considerably less spliced product, MBP-CBD (MB) and the excised intein (I) ( Figure 5C ). The T138A
by on February 5, 2008 www.jbc.org
Downloaded from
18 mutant precursor underwent predominantly N-terminal cleavage, resulting in an increase of MBP and intein-CBD species. On the other hand, the splicing activity of the T138S mutant was comparable to that of the wild type construct, and its N-terminal cleavage activity was less than that of the T138A mutant. The identity of the splicing and cleavage products was further confirmed by western blot analysis with antibodies against MBP, the intein and CBD (data not shown). This observation suggests that replacement of Thr138 with alanine does not affect the initial acyl shift; the inhibition could be due to the effect of the mutation on the transesterification or branch resolution step.
Conserved catalytic modules of inteins
We further explored whether the catalytic site identified in this investigation is conserved Figure 2B . These figures were drawn using BOBSCRIPT (49) and RASTER3D (50). 
